Hyperfine effects in charmed baryons by Woloshyn, R. M.
ar
X
iv
:h
ep
-p
h/
00
02
08
8v
1 
 8
 F
eb
 2
00
0
TRIPP00-03
Feb 2000
Hyperne eets in harmed baryons
R.M. Woloshyn
TRIUMF, 4004 Wesbrook Mall, Vanouver, BC, Canada V6T 2A3
Abstrat
Hadron masses are alulated in quenhed lattie QCD with a
fermion ation of the D234 type on an anisotropi lattie. Hyper-
ne splittings for singly harmed baryons are found to be in agree-
ment with expetations from the quark model and with a magnitude
slightly larger than experimental values. Masses of doubly harmed
baryons are also alulated and ompared to a variety of model alu-
lations. Hyperne splittings in doubly harmed baryons are found to
be slightly smaller than in singly harmed states.
1 Introdution
Relatively little work has been done on heavy baryons using lattie QCD.
The most omplete study in a relativisti framework is the one done in the
UKQCD ollaboration[1℄ for both harm and bottom avoured baryons using
an O(a) improved fermion ation in quenhed approximation. In that work
hyperne splittings in both harm and bottom baryons were found to be
onsiderably smaller than those predited by phenomenologial models[2℄
and observed experimentally. A reent NRQCD alulation[3℄ was able to
resolve the hyperne splittings for baryons with b quarks and found values in
aord with phenomenologial expetations. Sine the hyperne splitting is
an important feature of the baryon spetrum further investigation of harmed
baryons seems justied.
In this work we present the results of another quenhed lattie simu-
lation for harmed baryons. Due to limitations in omputing resoures it
was not possible to use the same lattie spaing and volume as used in the
UKQCD alulation. Rather we work on a more oarse lattie (∼0.2fm) with
a highly improved ation. Past experiene has shown that results of reason-
able auray may be obtained with suh latties[4℄. In order to hek the
alulation, the spetrum of baryons in the light quark (u,d,s) setor was
alulated at the same time. As well, meson masses for both heavy and light
quarks were alulated. The results of all these alulations are in reasonable
agreement with experimental values and with the results obtained at small
lattie spaing[5, 6℄.
The simulation reported here diers from [1℄ in two other respets. In
[1℄ the interpolating operators used for the baryons were taken to have a
form whih emphasizes the heavy quark symmetry. Seondly, the spin 1/2
and spin 3/2 Σ-like baryons are interpolated by the same operator, a Rarita-
Shwinger spin-3/2 eld. As is well known[7℄, the orrelator of suh a eld
propagates both J = 1/2 and J = 3/2 states and it is the J = 1/2 projetion
of this orrelator that is identied with the Σ-like baryons in [1℄.
The proedure used here is dierent. As has been done in the ontext of a
QCD sum rule alulation[8℄, the interpolating elds used for heavy baryons
are taken to have the same form as those used in the light quark setor. The
J = 1/2 Σ baryon has an interpolating operator whih is distint from that
used for the J = 3/2 Σ∗, just as the nuleon is usually interpolated by a
eld that is distint from the ∆. No assumption is made about heavy quark
symmetry. An advantage of this is that we an use the same proedure (and
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omputer ode) at all masses whih provides some hek on the results.
The orrelation funtion used to extrat the masses of Σ's is not obtained
from the projetion of the J = 3/2 eld's orrelator. In fat, it seems that the
spin 1/2 projetion of this orrelator has very poor overlap with the J = 1/2
ground state. Our nding is that the spin 1/2 projeted orrelator is very
small and noisy ompared to the orrelator alulated diretly using a spin
1/2 eld.
The nal onlusion of this study is that in quenhed lattie QCD the
hyperne splittings for both singly and doubly harmed baryons are in rea-
sonable agreement with phenomenologial expetations. Indiations are that
the splittings may be overestimated ompared to experiment whih seems
to be a ommon tendeny for quenhed QCD simulations of baryons at all
quark masses.
2 Method
The alulation is done on an anisotropi lattie[9℄ using the gauge eld
ation
SG(U) = β
[
cps
∑
ps
(1− 1
3
ReTrUps) + crs
∑
rs
(1− 1
3
ReTrUrs)
+cpt
∑
pt
(1− 1
3
ReTrUpt) + crst
∑
rst
(1− 1
3
ReTrUrst)
+crts
∑
rts
(1− 1
3
ReTrUrts)
]
(1)
where ps and rs denote spatial plaquettes and spatial planar 2× 1 retangles
respetively. The plaquettes lying in the temporal-spatial planes are denoted
by pt while retangles with the long side in a spatial(temporal) diretion are
labeled by rst(rts). The  oeients inorporate the aspet ratio ξ = as/at
and gauge link renormalization fators us and ut. These renormalization
fators are estimated using the link expetation value in Landau gauge.
The fermion ation is of the anisotropi D234 type[10℄ and has the form
SF =
∑
x,i
(c1iD1i(x) + c2iD2i(x)) +
∑
x
(c1tD1t(x) + c2tD2t(x))
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Table 1: Coeients appearing in the gauge and fermion ations
s t st ts
cp...
5
3u4
s
ξ
5ξ
3u2
s
u2
t
cr...
−1
12u6
s
ξ
−ξ
12u4
s
u2
t
−ξ
12u2
s
u4
t
c0...
2κ
3u4
s
ξ2
2κ
3u2
s
u2
t
ξ
c1...
4κ
3usξ2
4κ
3ut
c2...
−κ
6u2
s
ξ2
−κ
6u2
t
+
∑
x,i<j
c0sψ(x)σijFij(x)ψ(x) +
∑
x,i
c0tψ(x)σ0iF0i(x)ψ(x)
−
∑
x
ψ(x)ψ(x), (2)
where
D1i(x) = ψ(x)(1− ξγi)Ui(x)ψ(x+ î) + ψ(x+ î)(1 + ξγi)U †i (x)ψ(x), (3)
D1t(x) = ψ(x)(1− γ4)U4(x)ψ(x+ t̂) + ψ(x+ t̂)(1 + γ4)U †4(x)ψ(x), (4)
D2i(x) = ψ(x)(1− ξγi)Ui(x)Ui(x+ î)ψ(x+ 2î)
+ψ(x+ 2î)(1 + ξγi)U
†
i (x+ î)U
†
i (x)ψ(x), (5)
D2t(x) = ψ(x)(1− γ4)U4(x)U4(x+ t̂)ψ(x+ 2t̂)
+ψ(x+ 2t̂)(1 + γ4)U
†
4(x+ t̂)U
†
4(x)ψ(x). (6)
The  oeients in the fermion ation inlude the aspet ratio, link renor-
malization and the hopping parameter fators and are shown in Table 1.
Hadron masses are alulated from zero-momentum orrelation funtions
in the usual way. For mesons the interpolating elds were just the standard
ones. For baryons some disussion is needed sine the proedure used here
diers from that used in [1℄. Start from the light quark (u,d,s) setor. A
ommon hoie[11℄ for the proton operator in terms of u and d quark elds
is
ǫabc[uTaCγ5db]uc (7)
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where a,b, are olour indies and Dira indies have been suppressed. For
∆ the operator
1√
3
ǫabc
{
2[uTaCγµdb]uc + [u
T
aCγµub]dc
}
(8)
is used. This hoie of operators is not unique[12℄ but it allows an easy gen-
eralization to other baryons[11℄. The interpolating operators for the strange
hyperons Σ and Σ∗ are obtained by the replaement d → s in (7) and (8)
respetively. Similarly the interpolators for Ξ and Ξ∗ are onstruted by the
replaement u → s. The Λ hyperon is more of a problem. In the SU(3)
avour limit it would be natural to use the otet lambda
Λ8 =
1√
6
ǫabc
{
2[uTaCγ5db]sc + [u
T
aCγ5sb]dc − [dTaCγ5sb]uc
}
(9)
sine it is degenerate with the nuleon and ∆. However, sine SU(3) avour
is broken, this hoie is not ompelling. For example, in [11℄ a ombination
Λ with both SU(3) otet and singlet omponents was dened. In this work
a heavy Λ with a form
[uTaCγ5db]sc, (10)
whih is natural in the heavy quark limit, is also used.
The operators used to alulate the masses of the eight ground state
singly-harmed baryons are taken to have the same struture as the operators
given above. The Σc and Σ
∗
c baryons are obtained by the substitution d→ c
in (7) and (8) while Ωc and Ω
∗
c are obtained by u→ s, d→ c. For the Λc and
Ξc the operators (9) and (10) with the replaements s→ c and d→ s, s→ c
are used. Finally, for the remaining two states we take
Ξ′
c
=
1√
2
ǫabc
{
[uTaCγ5cb]sc + [s
T
aCγ5cb]uc
}
(11)
and
Ξ∗c =
2√
3
ǫabc
{
[uTaCγµsb]cc + [s
T
aCγµcb]uc + [c
T
aCγµub]sc
}
. (12)
Rather than using the above operators whih have an expliit relativisti
form one ould onsider the operators whih survive in the limit of a stati
harm quark. The way to do this has been disussed in some detail in the
ontext of QCD sum rule alulations[13, 14℄. However there is no partiular
advantage to taking this limit here. The operators we use ontain the leading
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heavy-quark omponents so the simulation will deide by itself whether they
are dominant. The advantage of using the expliit relativisti forms is that it
allows a unied analysis of hyperne eets over the whole mass range from
nuleon and ∆ to harmed baryons.
The operators suh as (8) and(12) propagate both spin 1/2 and spin 3/2
states[7℄. At zero momentum the orrelation funtion with spatial Lorentz
indies has the general form
Cij(t) = (δij −
1
3
γiγj)C3/2(t) +
1
3
γiγjC1/2(t) (13)
where the subsripts 3/2 and 1/2 denoted the spin projetions. The quantity
C3/2(t) was used to extrat the mass of the spin 3/2 states. However, it
was found that the spin 1/2 projetion C1/2(t) was too noisy at large time
separations to allow for the determination of a mass.
Hadron orrelators were alulated using interpolating operators in loal
form at both soure and sink and also applying a gauge invariant smearing to
the quark propagators at the sink. The Gaussian smearing funtion, eqn(13)
of [15℄, was used. Hadron masses were obtained by a simultaneous t to loal
and sink-smeared orrelators.
3 Results
The alulations were arried out at β = 2.1 on latties with a bare aspet
ratio ξ of 2. The Landau link tadpole fators were rst determined iter-
atively to be us = 0.7858 and ut = 0.9472 and these values were used in
all subsequent alulations. The stati potential was determined from both
spatial and spatial-temporal Wilson loops. From this the lattie spaing and
renormalized anisotropy were obtained. The results for the lattie spaings
are a−1s = (0.977 ± 0.003)GeV and a−1t = (1.914 ± 0.017)GeV with a sys-
temati unertainty of 0.01GeV oming from unertainty in the hoie of
parametrization of the short distane part of the potential[16℄. The renor-
malized anisotropy was found to be 1.95±0.02 whih is ompatible with other
studies done with improved gluon ations at similar lattie spaings[17℄.
Fermion propagators were alulated on a 103 × 30 lattie with Dirihlet
boundary onditions on the fermion elds. A total of 420 ongurations were
analyzed. With some preliminary tuning it was found that κ = 0.182 and
κ = 0.237 gave good values for the J/ψ and φmeson masses so these were the
6
Table 2: Hadron masses for light quarks. Masses are given in GeV, mass
dierenes are in MeV. The experimental values in this and other tables are
from [18℄
This work CP-PACS[5℄ UKQCD[6℄ Experiment
K 0.485(6) 0.553(10) 0.498
K∗ 0.902(26) 0.889(3) 0.748+81−46 0.896
N 0.942(67) 0.878(25) 0.940
∆ 1.358(71) 1.257(35) 1.25+19−9 1.232
Λ 1.105(46) 1.060(13) 1.088+20−19 1.116
Σ 1.184(35) 1.176(11) 1.091+22−11 1.193
Σ∗ 1.488(57) 1.388(24) 1.38+15−7 1.384
Ξ 1.283(28) 1.288(8) 1.242+43−24 1.318
Ξ∗ 1.590(39) 1.517(16) 1.51+11−5 1.534
K∗ −K 417(27) 398
∆−N 416(93) 292
Σ∗ − Σ 304(64) 191
Ξ∗ − Ξ 307(43) 216
κ values adopted for the harm and strange quarks for all alulations. Where
neessary, masses were extrapolated to the physial up and down quark region
using results from the set of hopping parameter values 0.229, 0.233, 0.237 and
0.241. The value of the ritial κ is 0.2429(2).
First onsider the light quark (u,d,s) setor. The pion and ρ-meson masses
were xed at 0.140GeV and 0.770GeV whih determines the hopping param-
eter for up and down quarks (taken to be degenerate) and the lattie sale aρ.
It was found that a−1ρ = (1.99 ± 0.12)GeV whih is slightly larger than a−1t
found from the stati potential. This is an inevitable result of the quenhed
approximation. The ρ-meson mass sale was used in all subsequent alula-
tions. The results in the light quark setor are given in Table 2 with statistial
errors obtained by a bootstrap proedure. The dominant systemati error, a
6% unertainty in the sale determination, is not shown expliitly in this and
subsequent tables but should be kept in mind. For omparison, results from
reent alulations (Table II in [5℄ and Table XVII in [6℄) done at small lat-
tie spaing and extrapolated to the ontinuum are also shown. The results
of our oarse lattie simulation are seen to be quite reasonable.
In Table 2 the Λ mass alulated with the operator (9) is given. The mass
obtained using (10) was essentially idential. This was found to be true for
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Table 3: Masses for mesons with harm quarks. Masses are given in GeV,
mass dierenes are in MeV.
This work Experiment
ηc 3.012(4) 2.980
J/ψ 3.087(4) 3.097
D 1.875(6) 1.867
D∗ 2.007(9) 2.008
Ds 1.965(4) 1.969
D∗s 2.086(6) 2.112
J/ψ − ηc 78(2) 117
D∗ −D 136(7) 141
D∗s −Ds 122(4) 143
all quark masses.
As hek on how well harmed quarks are being simulated we rst show
the results for harmonium and D-mesons in Table 3. The hyperne splitting
between ηc and J/ψ is 78(2)(5)MeV whih is in very good agreement with
the results obtained in [19℄ using a ompletely dierent fermion ation. It
is onsiderably smaller than the experimental value whih is a well known
feature of quenhed QCD simulations for quarkonium[20℄. The D∗−D split-
tings are ompatible with results from NRQCD on similar latties[21℄ and are
also smaller than experimental values although the suppression of hyperne
eets is less pronouned than in harmonium.
As mentioned in Setion 2 the interpolating operators used for harmed
baryons are taken to have the same form as those used for the light baryons.
For example, the orrelator for Σc is alulated diretly using operators whih
are the same as used for the strange Σ hyperon exept the mass is inreased
to harm. An alternative is to extrat the masses of Σ-like baryons (e.g.,
Σc,Ωc) from the spin-1/2 projetion of a orrelation funtion of spin 3/2
elds( see (13)). Figure 1 illustrates why this alternative is not used here.
The orrelation funtions for Ωc and the spin-3/2 projeted Ω
∗
c are plotted
as a funtion of lattie time. Also shown is the spin-1/2 projeted orrelator.
This spin-1/2 projeted piee has a very fast pre-asymptoti fallo and is
therefore small and noisy in the time region in whih one would want to
extrat the mass. This shows that the overlap of the spin-1/2 projetion is
small. It is also worth noting from Fig. 1 that even without any analysis one
sees that the Ωc orrelator has a less rapid fallo than that of Ω
∗
c i.e., Ωc is
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Table 4: Masses of singly harmed baryons. Masses are given in GeV, mass
dierenes are in MeV. The experimental values are taken from [18℄ exept
for Ξ′c whih is from [22℄
This work UKQCD[1℄ Experiment
Λc 2.304(39) 2.27
+4
−3
+3
−3 2.285(1)
Σc 2.465(22) 2.46
+7
−3
+5
−5 2.453(1)
Σ∗c 2.557(30) 2.44
+6
−4
+4
−5 2.518(2)
Ξc 2.454(21) 2.41
+3
−3
+4
−4 2.468(2)
Ξ′c 2.579(14) 2.51
+6
−3
+6
−6 2.575(3)
Ξ∗c 2.672(16) 2.55
+5
−4
+6
−5 2.645(2)
Ωc 2.664(12) 2.68
+5
−4
+5
−6 2.704(4)
Ω∗c 2.757(14) 2.66
+5
−3
+6
−7
Σ∗c−Σc 91(25) -17 +12−31 +3−2 65(2)
Ξ∗c − Ξ′c 94(13) -20 +12−24 +2−3 70(4)
Ω∗c − Ωc 94(10) -23 +6−14 +3−2
Table 5: Masses of doubly harmed baryons in GeV
Ξcc Ξ
∗
cc Ωcc Ω
∗
cc
This work 3.598(13) 3.682(20) 3.697(10) 3.775(12)
Potential model[23℄ 3.478 3.61
Mass formulae[24℄ 3.610(7) 3.735(17) 3.804(8) 3.850(25)
Bag model[25℄ 3.511 3.630 3.664 3.764
HQET[26℄ 3.610 3.680 3.710 3.760
Skyrmion model[27℄ 3.752 3.793 3.934 3.953
less massive than Ω∗c .
The results for singly harmed baryons are given in Table 4. Overall
the results are in reasonable lose to the experimental values where they are
known.
The masses of doubly harmed baryons were also alulated. There are
no experimental data but a omparison with a seletion of model alulations
is given in Table 5 (A more omplete tabulation from various models may
be found in [24℄.) As might expeted, without experimental onstraints, the
model alulations vary over a onsiderable range. The mass splittings from
our quenhed QCD simulation, 84(13)(5)MeV for Ξ∗cc−Ξcc and 78(7)(5)MeV
for Ω∗cc−Ωcc, are substantial and lie in the middle of the range overed by the
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models listed in Table 5. They are only slightly smaller than the hyperne
splittings found for singly harmed baryons.
4 Summary
Hadron masses were alulated with an improved ation on an anisotropi
lattie with a spatial lattie spaing of about 0.2fm. Comparison with sim-
ulations done at small lattie spaings and extrapolated to the ontinuum
indiate that lattie spaing errors are less than 10%.
The fous of this study is harmed baryons. For both singly and doubly
harmed baryons spin splittings were found to be in agreement with expeta-
tions of quark models and other phenomenologial approahes. The splittings
for singly harmed baryons are somewhat larger than experimental values.
This is in ontrast to the small hyperne eets for singly harmed baryons
reported by the UKQCD ollaboration[1℄.
The alulations reported here were done on a small lattie at a rela-
tively large lattie spaing. By doing a unied study for light and heavy
quark masses and omparing to ontinuum results where possible we have
some ondene that the orret qualitative pattern of hyperne eets in
harmed baryons has been established for quenhed lattie QCD. For a pre-
ise alulation, nite volume and lattie spaing issues have to be addressed.
It is hoped that this an be done in the near future.
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Figure aption
Fig. 1 Correlation funtion for the Ωc eld (squares) and the Ω
∗
c eld (
spin 3/2 projetion (triangles), spin 1/2 projetion (irles)) as a funtion of
lattie time.
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